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1. INTRODUCTION 

Application of silicon carbide (SiC) is often sought within nuclear energy systems due to its high thermal 
conductivity, mechanical and environmental stability at elevated temperatures, corrosion resistance, and 
exceptional displacement damage irradiation tolerance [1–4]. As such, the transformational challenge 
reactor (TCR) program is considering its application in its additively manufactured core. SiC may be used 
as the matrix for the TCR fuel blocks that comprise of TRISO fuel particles embedded inside this material 
[5] or used as core non-fuel-bearing peripherical structures such as bottom support manifolds. The core 
peripherical structures serves to support the overall core geometry, direct and guide coolant flow, and also 
reflect back leaked neutrons into the core. SiC has very low neutron absorption and adequate scattering 
cross sections that makes it an ideal material for utilization in the TCR core. 

Like many ceramics, however, SiC is difficult and at times impractical to shape into complex geometries 
via traditional machining due to its brittleness. Further, large structures comprising nuclear-grade SiC, i.e. 
highly pure and crystalline, are costly. Additive manufacturing (AM), however, offers the ability to shape 
materials by adding layer-by-layer rather than subtracting, contributing new possibilities for previously 
difficult-to-shape materials. Thus, exploring AM as a method to shape SiC offers a highly cost-effective 
method and is strategic to developing the next generation of components for nuclear reactors. This report 
outlines an evaluation of binder jet additive manufacturing combined with chemical vapor infiltration 
(CVI) to produce nearly-dense silicon carbide artifacts in complex geometries suitable for advanced 
nuclear reactor designs. The focus is placed on the binder jet printing technologies at large scale for non-
fuel-bearing structures relevant to the TCR core and other advanced reactors. Among all AM processes, 
binder jet delivers the highest resolution capability while still maintaining large print sizes, making it the 
ideal candidate for nuclear component production. 
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2. OVERVIEW OF BINDER JET AND CVI

The process of creating SiC artifacts with binder jet and CVI involves shaping SiC powder on a binder jet 
system and then densifying the preform with CVI. Binder jet works by spreading powder into thin layers 
(~100 µm) and selectively depositing a binder into each layer with an inkjet printhead. After each layer is 
spread and the binder is deposited, the layer is lowered and the process continues with the next layer. 
Once the print is complete, the resulting bed or “build box” of powder is cured at ~200°C overnight to 
drive the solvent out of the binder. At this point, the preforms are around ~40% dense, are held together 
with the dried binder, and can be removed from the build box in a process known as depowdering. At this 
point, the preforms are ready for post-processing. 

Figure 1. SiC feedstock imaged with SEM 
(feedstock from Sigma Aldrich).

Figure 2. Image of binder jet SiC part (scale is in 
mm).

The CVI process can be conducted on binder jet parts directly after depowdering and works by 
chemically converting gaseous precursors (e.g., ethyltrichlorosilane, ETS; or methyltrichlorosilane, MTS) 
into SiC on the surfaces of the porous preform. Once the preform is in the CVI chamber, the SiC 
deposition occurs between 800–1200°C [6] at sub-atmospheric pressures, Figure 3. As the CVI process 
progresses and as the SiC is deposited, the porosity in the part is slowly filled until the pores are closed. 
Typical density of the CVI-SiC artifacts derived from binder jet printing is 85–92% of theoretical density 
(with T.D. at 3.21g/cm3) by volume, which is highly suitable for the given application, offering adequate 
strength and thermal conductivity.

Figure 3. Inside view of the SiC CVI furnace with H2/MTS precursor mixture at 1000°C and 200 torr with 
binder jet printed SiC parts (courtesy of Brian Jolly, ORNL).
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3. PROCESS SELECTION

The down-selection to binder jet involved consideration of the seven different AM processes and the 
barriers to densifying powdered SiC via sintering or welding. Commonly used AM processes that were 
rejected because of these barriers include laser and electron beam powder bed fusion since the former 
cannot be used since SiC does not melt under atmospheric pressures and decomposes at temperatures 
above 2500°C [2]. Simultaneously, even if reaction forming (e.g., reacting mixtures of Si and C powders 
to form SiC via energy deposition in a system such as laser powder bed fusion) the necessary high 
temperatures would result in inevitable cracking from thermal gradients. Overall, the binder jet + CVI 
process [7] was chosen as the desired densification method for SiC powder for several reasons. First, 
relatively low-density SiC powder structures can be densified with CVI, meaning a variety of AM 
processes can be considered for the powder shaping step. Second, CVI can be conducted on parts of 
virtually any geometry, unlike common SiC densification techniques that require pressure from a 
geometrically-constrained die. Third, by utilizing high purity and highly crystalline powder during the 
binder jet process and following with CVI that if tuned correctly also deposits highly pure and crystalline 
SiC, the final part offers a microstructure that is ideal for irradiation environment of nuclear energy 
systems. Finally, CVI can occur at relatively low temperatures, giving rise to the opportunity to embed 
objects into prints, such as sensors. 

Given the selection of CVI as the densification method, indirect AM processes were considered, meaning 
AM processes that generate a powder preform that can be densified via CVI. These indirect methods 
include vat photopolymerization, material jetting, paste extrusion, and binder jet. The following list 
details the justification for the down selection to binder jet:

 Vat photopolymerization: High-density photopolymers form the matrix for the particles, which 
must be subsequently burned out. The residual matter from this burning operation will negatively 
affect the CVI process and the chemistry of the final SiC artifact (free carbon resulting in non-
stoichiometry), which is unacceptable for nuclear applications. 

 Material jetting: Printing ceramics with this technology is still in its infancy, and preliminary 
data on throughput for this process is extremely low. 

 Paste extrusion: Resolution/accuracy and throughput are mutually exclusive. Further, geometric 
complexity is highly limited due to the lack of powder bed. Finally, the surface finish of extruded 
artifacts is constrained to a “corduroy” or stair-step texture, which may or may not be desirable 
for all surfaces. Also, similar to vat photopolymerization process, this method involves a lot of 
binder additives and will result in leftover undesirable residue in the material. 
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4. OPPORTUNITY OF BINDER JET

Binder jetting has many advantages over other AM methods including production speed, being a room 
temperature and air environment process, scalability, geometric complexity, and material flexibility. First, 
binder jetting’s high production speeds are due to the high deposition rates of the print head, which can 
occur within a few seconds for each layer despite how many parts are in the layer. Second, since binder 
jet printing occurs at room temperature and in a normal atmosphere, the machines are highly scalable in 
terms of size (e.g., no vacuum chamber or controlled atmosphere). Figure 4 is an image of a large sand 
cast mold part created on a binder jet machine in a single piece. Third, because binder jet is a powder bed 
process that inherently supports printed objects, complex geometries can be created much more readily 
than non-powder bed AM processes. Finally, because the binder system is able to bind virtually any 
material, binder jetting has high flexibility when it comes to material composition of the powder that is 
printed.

Figure 4. Sand cast mold printed on binder jet machine to demonstrate scalability of the process.

4.1 PRINTING RESULTS

Preliminary printing of large SiC preforms with ExOne’s MFlex machine (400  250  250 mm build 
envelope) had positive results as shown in Figure 5 and Figure 6. Multiple geometries were printed 
including hexagonal shells with complex internal geometry, mechanical test specimens, and a coolant 
flow manifolds, Figure 7. Each geometry was successfully depowdered with no noticeable defects. 
Similar preforms created on a smaller version of the MFlex (the Innovent) have been densified via CVI 
and characterized. 
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Figure 5. Complex geometry (gyroidal cube) 
printed on MFlex with SiC.

Figure 6. Single batch of parts created during a 4-hour 
print on the MFlex system.

25 mm

(a) (b)

Figure 7. a) CAD design of SiC bottom manifold for TCR ceramic core concept showing the overall design as 
well as a cross section where coolant flow is directed. b) Actual builds of the part with large SiC binder jet 

system. 

4.2 CHEMICAL VAPOR INFILTRATION OF SIC BINDER JET PARTS

It was shown that binder jetting can create complex preforms that can then successfully and repeatedly 
undergo CVI. Multiple parts have been infiltrated using a small CVI furnace (cylindrical build volume of 
75 mm diameter and 125 mm height). The resulting parts were scanned via blue LED fringe projection 
method (Zeiss Comet system) to assess the final geometry of the part. The dimensional accuracy when 
comparing original CAD file to the final part from is within ~1%, Figure 8. The final thermal and 
mechanical properties of the infiltrated and densified SiC parts has been measured and is reported in [8].



6

Dimensions in mm
CAD design of
SiC part

Ac tua l
pa rt a fter
b inderjet
+ CVI

Results of pa rt
d imensiona l

inspec tion 

Figure 8. Workflow showing CAD file, resulting advanced manufactured SiC components, and results from 
dimensional inspection of the actual part. Dimensional inspection compares geometrical values in cartesian 

coordinates from the original CAD file and those there were measured on the part and also reports the 
difference between the two (Courtesy of Brian Jolly and Andres Marquez Rossy). 

In order to infiltrate the larger non-fuel-bearing components such as those shown in Figure 7, larger CVI 
furnaces are necessary. Fortunately, CVI is a highly scalable technology with large industrial furnaces 
available. Figure 9 shows an example of a commercial furnace with 20-liter build volume. The same 
manufacturer offers larger systems up to 11,000 liters in build volume. The TCR program is currently in 
the process of acquiring two systems with 20- and 100-liter build volumes to facilitate infiltration of large 
SiC components. 

Figure 9. Series 3800 Model 8820-1600 SiC CVD reactor (20-liter build volume) from Centorr Vacuum 
Industries (Nashua, NH).
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5. SUMMARY

Silicon carbide offers exceptional properties for nuclear energy applications and therefore, it is considered 
as a constituent of TCR core. SiC is difficult and expensive to form and machine, so its additive 
manufacturing is highly desirable. This report provides an overview of potential technologies for this 
purpose and explains the logic for down-selection of a unique approach for additive manufacturing of 
SiC. This approach leverages a unique combination of binder jet printing and chemical vapor infiltration 
technologies to showcase viability for production of nuclear-grade SiC ceramics at relatively large scales. 
This approach is ideal to realize non-fuel-bearing structures peripherical to the TCR core. 
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